Remote sensing of nitrogen deficiencies in cornfields by Zhang, Jun
Retrospective Theses and Dissertations Iowa State University Capstones, Theses andDissertations
2002
Remote sensing of nitrogen deficiencies in
cornfields
Jun Zhang
Iowa State University
Follow this and additional works at: https://lib.dr.iastate.edu/rtd
Part of the Agricultural Science Commons, Agriculture Commons, Agronomy and Crop
Sciences Commons, Remote Sensing Commons, and the Soil Science Commons
This Dissertation is brought to you for free and open access by the Iowa State University Capstones, Theses and Dissertations at Iowa State University
Digital Repository. It has been accepted for inclusion in Retrospective Theses and Dissertations by an authorized administrator of Iowa State University
Digital Repository. For more information, please contact digirep@iastate.edu.
Recommended Citation
Zhang, Jun, "Remote sensing of nitrogen deficiencies in cornfields " (2002). Retrospective Theses and Dissertations. 492.
https://lib.dr.iastate.edu/rtd/492
INFORMATION TO USERS 
This manuscript has been reproduced from the microfilm master. UMI films 
the text directly from the original or copy submitted. Thus, some thesis and 
dissertation copies are in typewriter face, while others may be from any type of 
computer printer. 
The quality of this reproduction is dependent upon the quality of the 
copy submitted. Broken or indistinct print, colored or poor quality illustrations 
and photographs, print bleedthrough, substandard margins, and improper 
alignment can adversely affect reproduction. 
In the unlikely event that the author did not send UMI a complete manuscript 
and there are missing pages, these will be noted. Also, if unauthorized 
copyright material had to be removed, a note will indicate the deletion. 
Oversize materials (e.g., maps, drawings, charts) are reproduced by 
sectioning the original, beginning at the upper left-hand corner and continuing 
from left to right in equal sections with small overlaps. 
ProQuest Information and Learning 
300 North Zeeb Road, Ann Arbor, Ml 48106-1346 USA 
800-521-0600 

Remote sensing of nitrogen deficiencies in cornfields 
by 
Jun Zhang 
A dissertation submitted to the graduate faculty 
in partial fulfillment of the requirements for the degree of 
DOCTOR OF PHILOSOPHY 
Major: Soil Science (Soil Fertility) 
Program of Study Committee: 
Alfred M. Blackmer, Major Professor 
Irvin C. Anderson 
Kenneth J. Koehler 
Antonio P. Mallarino 
Cynthia A. Cambardella 
Iowa State University 
Ames, Iowa 
2002 
UMI Number: 3061877 
UMI 
UMI Microform 3061877 
Copyright 2002 by ProQuest Information and Learning Company. 
All rights reserved. This microform edition is protected against 
unauthorized copying under Title 17, United States Code. 
ProQuest Information and Learning Company 
300 North Zeeb Road 
P.O. Box 1346 
Ann Arbor, Ml 48106-1346 
ii 
Graduate College 
Iowa State University 
This is to certify that the doctoral dissertation of 
Jun Zhang 
has met the dissertation requirements of Iowa State University 
Major Professor 
For the M^jor Program 
Signature was redacted for privacy.
Signature was redacted for privacy.
iii 
TABLE OF CONTENTS 
LIST OF TABLES iv 
LIST OF FIGURES v 
GENERAL INTRODUCTION 1 
DISSERTATION ORGANIZATION 2 
SENSITIVITY OF MIDSEASON DIAGNOSES OF NITROGEN 
DEFICIENCIES IN CORNFIELDS 3 
ABSTRACT 3 
INTRODUCTION 4 
MATERIALS AND METHODS 7 
Experimental Design and Measurements 7 
Data Analysis 9 
RESULTS 10 
Sensitivity versus Linear Range 10 
N Deficiencies versus Other Factors 11 
Evidence of Limited Sensitivity 13 
Relative Reflectance 16 
DISCUSSION 18 
Errors in Yield Measurements 18 
Errors due to Spatial Variability 18 
Extrapolations from Outside the Range of Interest 20 
CONCLUSIONS 22 
REFERENCES 23 
REMOTE SENSING TO MONITOR NITROGEN DEFICIENCIES 
IN CORNFIELDS 45 
ABSTRACT 45 
INTRODUCTION 46 
MATERIALS AND METHODS 49 
RESULTS 52 
Yield Responses to N 52 
Canopy Reflectance Responses to N 54 
Relating Yield Response to Reflectance Response 55 
DISCUSSION 57 
Implications of Curved Relationships 57 
Unique Value of Remote Sensing 59 
CONCLUSIONS 61 
REFERENCES 62 
GENERAL CONCLUSION 76 
ACKNOWLEDGEMENTS 78 
iv 
LIST OF TABLES 
Paper I 
Table 1. Experimental location, soil property, and corn growth stage for 
SPAD measurement at four sites of this study 29 
Table 2. Mean yield responses to fertilizer N and significance levels at 
four sites of this study 30 
Paper n 
Table 1. Site number, location, and soil association for the 16 fields included 
in this study 68 
V 
LIST OF FIGURES 
Paper I 
Fig. 1. Four experimental sites with test areas (red rectangles), soil map 
units (yellow number- letters) and boundaries (white polygons) overlaid 
on corn canopy images taken in August 1998-99 31 
Fig. 2. Relationships between SPAD readings and com grain yields observed 
within numerous test plots in each of four different fields where N 
fertilizer was applied in strips at rates of 0, 56, 112 and 168 kg N ha1 32 
Fig. 3. Relationships between relative SPAD readings and corn grain yields 
observed within numerous test plots in each of four different fields 
where N fertilizer was applied in strips at rates of 0, 56, 112 and 168 
kg N ha1 33 
Fig. 4. Relationships between relative SPAD readings and relative yields of 
corn for fertilizer N rate increments from 0, 56 and 112 kg N ha-1 to 168 
kg N ha-1 within numerous test plots in each of four different fields 34 
Fig. 5. Pooled relationships between relative SPAD readings and relative 
yields of com for fertilizer N rate increments from 0, 56 and 112 
kg N ha-1 to 168 kg N ha 1 within numerous test plots across four 
different fields 35 
Fig. 6 Pooled relationships between absolute SPAD readings and absolute 
grain yield of com for fertilizer N rate increments from 0, 56 and 112 kg 
N ha1 to 168 kg N ha-1 within numerous test plots across four different 
fields 36 
Fig. 7. Relationships between relative SPAD readings and com yield 
responses to fertilizer N rate increments from 0, 56 and 112 kg N ha 1 
to 168 kg N ha1 within numerous test plots in each of four different 
fields 37 
Fig. 8 Pooled relationships between relative SPAD readings and com yield 
responses less than 2 Mg ha1 observed within numerous test plots 
across four different fields where fertilizer N was applied in strips at 
rates of 0, 56, 112 and 168 kg N ha1 38 
Fig. 9. Pooled relationships between absolute SPAD readings and relative 
yields of com for fertilizer N rate increments from 0, 56 and 112 kg N 
ha 1 to 168 kg N ha1 within numerous test plots across four different 
fields 39 
vi 
Fig. 10. Relationships between canopy relative reflectance and corn yield 
responses to fertilizer N rate increments from 0, 56 and 112 kg N ha-1 
to 168 kg N ha-1 within numerous test plots in each of four different 
fields 40 
Fig. 11. Relationships between relative SPAD readings and canopy relative 
reflectance of com observed within numerous test plots in each of four 
different fields where fertilizer N was applied in strips at rates of 0, 56, 
112 and 168 kg N ha*1 41 
Fig. 12. Relationships between relative SPAD readings and relative yields of 
com observed within numerous test plots across four different fields 
where fertilizer N was applied in strips at rates of 0 and 168 kg N ha 1 42 
Fig. 13. Relationships between SPAD readings and com yields observed 
within numerous test plots across four different fields where fertilizer N 
was applied in strips at rates of 0 and 168 kg N ha 1 43 
Fig. 14. Relationships between SPAD readings and relative yields of com 
within numerous test plots across four different fields where fertilizer N 
was applied in strips at rates of 0 and 168 kg N ha 1 44 
Paper H 
Fig. 1. Cumulative distribution functions for observed com yield responses 
to fertilizer N for paired-cell comparisons with each of the 16 fields 69 
Fig. 2. Color aerial images taken in August from four cornfields included in 
this study 70 
Fig. 3. Cumulative distribution functions for observed relative reflectance 
(in green band of August images) responses to fertilizer N for paired-cell 
comparisons within each of the 14 different fields included in this 
study 71 
Fig. 4. Relationships between median reflectance of the green band and 
median yield responses for 14 sites 72 
Fig. 5. Relationships between median relative reflectance of the red band 
and median yield responses for 14 sites 73 
Fig. 6. Relationships between median relative reflectance of the blue 
band and median yield responses for 14 sites 74 
Fig. 7. Relationships between median relative reflectance in the green 
band and median yield responses across 14 sites (each has two 
points) 75 
1 
GENERAL INTRODUCTION 
Monitoring nitrogen (N) deficiencies during the growth of corn to guide 
in-season application of N fertilizer deserves more attention in production 
agriculture. It has been well documented that deficiencies of N reduce the 
chlorophyll content of leaves, and reduction in chlorophyll content alters the 
relative amounts of light reflected from and absorbed by leaves. 
Remote sensing of canopies has recently been recognized as an effective 
tool for measuring canopy chlorophyll activity during the growth of corn. This 
new tool along with new precision farming technologies offers opportunities for 
characterizing spatial patterns in N deficiencies. The usefulness of remote 
sensing for assessing N deficiencies in production agriculture depends on its 
ability to improve estimates of fertilizer N needs. The basic requirement for 
remote sensing is whether it can guide relatively small adjustments in N rates 
currently used in the Corn Belt. 
Studies reported in this dissertation were conducted across multiple 
fields to learn how remote sensing could be used to address the practical 
problem of improving estimates of N fertilizer needs in production agriculture. 
Paper I discusses factors affecting the smallness of detectable midseason N 
deficiencies and the uncertainties in estimates of fertilizer need as supplies of N 
approach and exceed optimal levels. Paper II discusses non-linearity in 
relationships between canopy relative reflectance and grain yield responses 
when data from different sites are pooled or when aerial photographs are taken 
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at different stages of growth. It also addresses some problems encountered as 
assessments of in-season deficiencies of N move from small-plot response trials 
to fields as normally defined by farmers. 
DISSERTATION ORGANIZATION 
This dissertation is organized into three parts. The first part is the 
general introduction to the dissertation. The second part includes two papers 
prepared in styles described in Publications Handbook and Style Manual 
(1988) by ASA-CSSA-SSSA. Both papers will be submitted to Agronomy 
Journal. The last part is a general conclusion. 
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SENSITIVITY OF MIDSEASON DIAGNOSES OF NITROGEN 
DEFICIENCIES IN CORNFIELDS 
A paper prepared for submission to Agronomy Journal 
Jun Zhang, Alfred M. Blackmer, and Jason W. Ellsworth 
ABSTRACT 
Measurements of chlorophyll activity in leaves can be used to diagnose N 
deficiencies and guide in-season application of fertilizer N for com (Zea mays 
L.). Studies were conducted to learn more about the factors affecting the 
smallness of deficiencies that can be detected and the uncertainties in 
estimates of fertilizer need when this method is used in production agriculture. 
Data were gathered in 4 fields where N was applied at different rates in strips 
that crossed several soil map units. Leaf SPAD readings and grain yield data 
were collected at numerous test areas within each field. The results confirmed 
the ability of SPAD meters to detect deficiencies, but deficiencies could be 
detected only when yield responses were great enough to pay for 200 kg N ha1 
at prices usually found in the Corn Belt. The problem occurred because 
diagnoses of N deficiencies in production agriculture must be based on 
relationships established at other sites and years. When data from many sites 
and years are pooled, the effect of factors other than sufficiency of N on SPAD 
readings and yields introduces uncertainty in the diagnoses and estimates of 
fertilizer N need. The results illustrate the need to recognize that problems 
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associated with the use of SPAD meters to diagnose deficiencies of N in 
production agriculture are much greater than the problems associated with the 
use of SPAD meters to help interpret results in a controlled experiment at one 
site where yields are also measured. 
INTRODUCTION 
Chlorophyll meters are relatively recent innovations that can be used to 
monitor N-deficiency symptoms during the growth of crops (Yadawa, 1986; 
Schepers et al., 1992a, 1992b; Piekielek et al., 1992; Wood et al., 1992; 
Peterson et al., 1993; Varvel et al., 1997; Bullock and Anderson, 1998; Fox et 
al.; 2001). These are hand-held devices that clamp onto leaves and measure 
the transmittance of light through small test areas on leaves (Minolta, Ltd., 
1990). The device generates specific wavelengths of light that are selected for 
measuring chlorophyll activity. Effective use of the meter draws upon many of 
the basic principles used to diagnose deficiencies by analyzing plant tissues, 
but the meters offer the advantage of in-field nondestructive diagnoses. The 
basic principles of using plant analysis to diagnose deficiencies have been 
reviewed by Macy (1936), Goodall and Gregory (1947), Kratz et al. (1948), 
Bates (1971), Amon (1975), Munson and Nelson (1990), and Black (1992). 
The ability of SPAD meters to diagnose N deficiencies is usually 
evaluated by analyzing relationships between meter readings and yields of 
grain observed in studies where various rates of N are applied. These 
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relationships are used to calibrate the SPAD readings for making the 
diagnoses. The diagnoses usually are made to help interpret data gathered in 
experiments or to estimate the need for fertilization during the growing season. 
Use of SPAD meters to estimate the need for immediate application of N 
deserves attention as a practical way to address problems associated with 
year-to-year variation in N fertilizer needs in production agriculture (Blackmer 
and Schepers, 1995; Shapiro, 1999; Zhang and Blackmer, 1999; Varvel et al. 
1997; Scarf at al., 2002). 
Relatively little attention has been given to the smallness of the 
deficiency that can be detected (i.e., the sensitivity of the diagnosis) when 
SPAD meters are used in production agriculture. This matter deserves 
attention because SPAD meter readings are closely linked to the concentrations 
of N in leaves (Wood et al., 1992; Waskom et al., 1996). Although leaf N 
concentrations have been widely used to diagnose N deficiencies (Bennett et al., 
1953; Hanway, 1962), studies by Cerrato and Blackmer (1991) showed that 
this test has little reliability as a general diagnostic tool in production 
agriculture. A key problem identified was inability to define a clear critical 
N concentration, the concentration that distinguishes deficient plants from 
plants that have adequate N. Although this is not a problem where leaf N 
analyses are used to help interpret the results of trials where yields are also 
measured, it presents a serious problem where diagnoses must be based on 
observations made at other sites and years. 
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This report describes an analysis of factors that influence the smallness 
of deficiency that can be detected when SPAD meters are used in fields 
representative of those found in production agriculture. Specific attention is 
given to assessing the importance of assumptions that must be made when 
data gathered in controlled experiments are used to diagnose deficiencies in 
production agriculture. Special attention is also given to problems caused by 
the assumptions that leaf chlorophyll activity is influenced only by sufficiency 
of N for plant growth and that this activity is not affected by N supplies that 
exceed needs for growth. 
The study includes observations gathered by remote sensing of N stress 
as described by Blackmer and White (1998), who analyzed aerial photographs 
of fields to measure the effects of added N on reflectance of light at a single 
wavelength. Remote sensing generally measures reflectance of light, which is 
influenced by chlorophyll activity in the leaves. This approach utilizes remote 
sensing more like a SPAD meter than the more commonly used methods of 
remote sensing designed to estimate plant dry matter. The remote sensing is 
used as an alternative to the SPAD meter (measuring a quality of plant 
tissues), rather than an alternative to yield measurements (measuring a 
quantity of plant tissues). 
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MATERIALS AND METHODS 
Experimental Design and Measurements 
Experiments were established at four sites as described in Table 1. Soil 
map units at each site are imposed on aerial photographs taken during the 
study in August (Fig. 1). The fields were planted to com following soybean 
(Glycine max L.) and, except for N fertilizer treatments, were managed by 
farmers using their normal practices. 
The sites were selected to include a wide range in responses to fertilizer N 
treatments. No fertilizer N was applied in the previous fall or before planting 
com at Sites 1 and 2. However, liquid swine manure was applied uniformly 
across Sites 3 and 4 in the fall of 1998. The manure was applied by using a 
fan-tail spreader at a rate of 37,400 L ha1 (168 kg N ha1) and was not 
incorporated at Site 3. It was applied with immediate incorporation at a rate of 
39,000 L ha1 (190 kg N ha1) at Site 4. 
Fertilizer N treatments were four rates of urea-ammonium-nitrate solution 
(0, 56, 112, and 168 kg N ha-1) injected midway between every other row to a 
depth of 15 cm at V3 to V4 growth stage. These were applied in 6-row (76 cm 
spacing) strips going the lengths of the fields (500-820 m). Each treatment 
was replicated 4-10 times in a stratified block design. 
Five to fifteen test areas were selected from each field. Each test area 
extended 12 m along the rows and was wide enough to include each N 
treatment within a block. Each test area was divided into plots that 
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corresponded to the 6-row strips having different N treatments. Test areas 
were positioned to have minimal variation in soil characteristics among plots 
within a test area, but to have the range in soil characteristics represented 
among the test areas. Plots were marked by flags and located by using a 
differential global positioning system (DGPS). 
Leaf chlorophyll concentrations were measured using a Minolta SPAD-502 
meter. The uppermost mature leaf was used for measurement until the VT 
growth stage; thereafter the ear-leaf was measured. In order to decrease 
within-leaf blade variation in SPAD readings, a 2 by 3 mm area one-half the 
leaf length and halfway between the leaf margin and the leaf midrib was 
chosen for leaves of 30 plants randomly selected from the central 4 rows of 
each plot. 
Color aerial photos of the com canopy were taken by Aerial Services, Inc. 
(Cedar Falls, IA) using a Jena LMK-1000 aerial mapping camera from a height 
of about 1000-1100 m in early July and late August. Each photo was digitized 
using a Hewlett-Packard ScanJet 6100c scanner and geo-referenced using 
IMAGINE 8.4 software (ERDAS, Inc., Atlanta, GA). The photographs were 
digitized at a scale that gave about 100,000 pixels per hectare (approximately 
540 pixels per plot). 
Grain yields were measured by using combines equipped with yield 
monitors. Each strip (treatment) was harvested as a single combine swath. 
Yields were recorded at one-second intervals by an AgLeader Yield Monitor 
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2000 (AgLeader Technologies, Inc., Ames, IA), and positions were recorded by 
using a Trimble AgGPS 132 receiver (Trimble Navigation Ltd., Sunnyvale, CA). 
Because readings were collected at one-second intervals, each 12-m plot 
included 5 or 6 yield readings. 
Data Analysis 
Digitized aerial images were analyzed using Arc View GIS software (version 
3.2, ESRI. Redlands, CA). The mean yield and median reflectance were 
calculated for each plot by using the command "Summarize by zone" in the 
Spatial Analyst Extension. Yield responses to fertilizer were calculated by 
subtracting the mean yields for plots being considered from the mean yields of 
the plots receiving the highest rate of N (168 kg N ha1) within the same test 
area. Relative yields were obtained by expressing the yield in a lower N rate plot 
as a percentage of the yield in the highest N rate plot within a test area. The 
relative reflectance was computed as a ratio of median digital counts in the 
same pair of plots as for relative yield and yield response. All statistical 
analyses were conducted with SAS (version 8.1, SAS Institute, Cary, NC). 
Graphical presentations were made using Sigma Plot (version 5.0, SPSS Inc., 
Chicago, IL). 
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RESULTS 
Sensitivity versus Linear Range 
The observed relationships between SPAD readings and grain yields at 
each of the four sites included in this study are shown in Fig. 2. Linear 
relationships and relatively high r2 values at the most N-responsive sites 
confirm many earlier reports that SPAD meters can be used to characterize N 
deficiencies in com. Poor relationships were observed at sites that showed 
little or no response to added N. This is not surprising because significant 
relationships should not be expected at sites where yield responses did not 
occur. Scarf et al. (2002) showed that r2 values for such relationships tend to 
be proportional to the yield response observed. 
The relatively high r2 values in Fig. 2 present evidence for linear 
relationships between SPAD readings and yield responses over a wide range in 
degree of N deficiency. Although it is important to know the range in degree of 
deficiencies that can be diagnosed (i.e., the linear working range of the test), 
this characteristic of the test should not be confused with the smallness of 
deficiency that can be detected (i.e., the sensitivity of the test). The 
presentation of data in Fig. 2 does not directly address questions relating to 
the smallness of deficiency that can be detected. 
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N Deficiencies versus Other Factors 
A problem with the relationships presented in Fig. 2 is that the effects of 
N deficiency may be confounded with the effects of other factors that can 
influence chlorophyll activity or SPAD meter readings. This problem could be 
important in our studies because test areas were located to represent the range 
in soil characteristics within each field. This approach should be expected to 
create greater confounding of factors than found when response trials are 
conducted on small areas of soil selected to be as homogeneous as possible. 
The possibility of having multiple factors affecting chlorophyll activity in 
leaves, however, must be addressed when diagnosing N deficiencies in 
cornfields in production agriculture. 
The problem of separating N deficiencies from other factors that may 
influence chlorophyll activity was addressed in our experimental design by 
locating test areas so that plots within each test area were located on relatively 
homogenous soil. With such a design, the effects of N can be separated from 
other factors by expressing SPAD meter readings on all plots as percentages of 
the reading on the plot that received highest N rate within the same test area 
(Fig. 3). Relative SPAD readings, rather than absolute SPAD readings, are 
usually reported for this and other reasons. 
A problem with the relationships presented in Fig. 2 and 3 is that factors 
other than deficiencies of N probably are responsible for differences in yields 
among the test areas within a field. This problem can be addressed by 
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expressing yields on all plots as a percentage of the yield attained on the plot 
receiving the highest rate of N within each test area (Fig. 4). Relative yields 
actually are a measure of yield response, and they are commonly used when 
calibrating tissue tests and SPAD meter measurements. 
Observations made on plots that received the highest N rate are not 
shown in Fig. 4 because all have exactly the same value (i.e., 100% relative 
yields, 100% relative SPAD readings). The position of these points is identified 
by the intersection of the dotted lines in each component of the figure. These 
points were not included in the regression analyses to avoid inflation of r2 
values and to assess ability of measured values to predict known values. 
Figure 5 shows observed relationships between relative SPAD readings 
and relative yields when data from all sites are pooled. These relationships are 
important because they define the ability to assess N deficiencies across a wide 
range of conditions. Cerrato and Blackmer (1990, 1991) noted that any 
method of diagnosing N deficiencies has little value as a general diagnostic tool 
unless observations from response trials conducted under a wide variety of 
conditions can be pooled into a common relationship. The relationships 
required to diagnose deficiencies in production agriculture need to be much 
more robust than when deficiencies are diagnosed only to help interpret the 
results of a single response trial conducted under a very restricted range of 
conditions. 
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Observed relationships between absolute yields and absolute SPAD 
readings when data from the four sites are pooled are shown in Fig. 6. This 
figure is included only to emphasize the importance of distinguishing N 
deficiencies from other factors that influence yields and SPAD readings when 
evaluating the usefulness of a tool for diagnosing N deficiencies in production 
agriculture. The point illustrated is that factors other than N deficiencies tend 
to overwhelm the effects of N deficiencies as data from different fields are 
pooled. 
Evidence of Limited Sensitivity 
Relative yield values above 100% in Fig. 4 and 5 could be errors in 
observations or evidence that yield depression might occur when the highest N 
rate was applied. Relative SPAD readings greater than 100% could be errors in 
observations or incorrect assumptions concerning the relationships between N 
sufficiency for growth and SPAD meter readings under conditions where 
supplies of N approach and exceed the needs for plant growth. Failure of the 
regression lines to pass through the intersection of the dotted lines could be 
due to errors in observations or errors in the nature of the relationship 
expected. 
The practical importance of observations that must be attributed to some 
type of error is difficult to assess in Fig. 4 and 5. One reason is that fertilizers 
are applied for economic reasons, but simple economic analyses are impossible 
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when yield responses are expressed in terms of relative yields (Colwell et al., 
1988; Black, 1992). This problem is avoided in Fig. 7, where yield responses 
are expressed in absolute terms. Information needed to assess the importance 
of errors is that a yield increase of 0.25 Mg ha1 is just about enough to pay for 
56 kg N ha1 under price conditions commonly found in the Com Belt. At Site 
1, for example, regression equations associate a relative SPAD value of 100% 
with a yield response of 1.02 Mg ha1 for the July observations and -1.15 Mg 
ha1 for the August observations. These incorrect associations translate to an 
error great enough to pay for about 200 kg N ha1, which is more than is 
usually applied for com production in Iowa. 
The importance of errors at individual sites can be assessed from Fig. 7, 
but the errors observed when data from different sites are pooled are of 
greatest importance when evaluating the SPAD meter as a diagnostic tool in 
production agriculture. Pooled relationships are provided in Fig. 8, which is 
illustrated on a scale to focus on observations only within the range of primary 
interest when assessing the smallness of deficiency that can be detected. The 
importance of errors also is revealed by analyses showing that relationships 
between relative SPAD readings and yield responses are not statistically 
significant when only observations within the range of interest are considered. 
The need for better distinction between errors in observation and yield 
depression due to excess N is shown in Fig. 8 by an abundance of negative 
yield responses. The need for better distinction between errors of observation 
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and errors in the assumed relationship between sufficiency of N and SPAD 
readings is shown by an abundance of relative SPAD readings above 100%. 
These problems are also apparent in Fig. 2 and 3, but only because points 
representing plots that received the highest N rates are identified. 
Errors in the nature of the relationship expected could be caused by 
luxury production of chlorophyll, negative effects of excess N on yields, both of 
these effects, or other real effects of added N. These real effects of added N 
should be expected to result in non-linear relationships when supplies of N are 
near or above optimal (Cerrato and Blackmer, 1991). Because relationships 
between SPAD meter readings and yield responses are defined by observations 
rather than by theory, errors in observation cannot be distinguished from 
errors in assumptions without some type of additional data. 
Figure 9 shows an alternative method of data presentation that 
illustrates the problems involved. In this figure (absolute) SPAD readings are 
related to relative yields. SPAD readings at highest N rates are indicated by 
solid points and not included in the regression analyses. This presentation of 
data suggests that the SPAD readings corresponding to 100% of yields varied 
substantially. If this were true, then the transformation to relative SPAD 
readings would be the cause of the poor relationships observed in Fig. 8. 
Figure 8, therefore, would include substantial errors that resulted from 
incorrect assumptions concerning the nature of the relationship between SPAD 
readings and N sufficiency for com growth. 
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Relative Reflectance 
Observed relationships between relative reflectance and yield responses 
as shown in Fig. 10 were remarkably similar to the observed relationships 
between relative SPAD readings and yield responses (Fig. 7). It needs to be 
recognized, however, that the slopes of the regression lines are reversed 
because adequate N for growth is indicated by a low ( 1.00) relative reflectance 
value whereas it corresponds to a high (100%) relative SPAD value. This 
reversal occurs because the SPAD meter measures the amounts of light 
absorbed by a leaf and because the amount absorbed tends to be inversely 
related to the amount reflected. 
Similarities between Fig. 10 and 7 include the magnitude of r2 values 
and the deviation of the regression lines from the intersections of the dotted 
lines. Because relative reflectance measurements are independent of 
measurements made with the SPAD meter, the similarity of relationships in 
Fig. 10 to those in Fig. 7 suggests it is unlikely that minor changes in methods 
of collecting SPAD readings would have improved the observed relationships 
between SPAD readings and yield responses within the range of greatest 
interest (i.e. when yield responses are less than 1 Mg ha1). 
Figure 11 shows relationships between relative SPAD readings and 
relative reflectance in the green band and confirms that both are measuring 
somewhat similar properties of the plants. A noteworthy difference, however, is 
that regression analyses indicated that a relative reflectance value of 1.00 
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consistently corresponded to a relative SPAD value slightly below 100%. 
Although a discrepancy of about 5% may seem unimportant, a 5% error when 
diagnosing an N deficiency translates to an important error when estimating 
fertilizer requirement. 
A possible explanation for this discrepancy is that the SPAD meter 
readings on the ear-leaf were influenced by luxury production of chlorophyll to 
the same extent that assessments of N deficiencies by analysis of leaf-N 
content were influenced by luxury uptake of N. If this were true, then use of 
95% as a critical value for relative SPAD readings would correspond to a 
critical concentration as defined by Macy (1936). The relationships between 
relative SPAD readings and yield responses would not be linear at near-optimal 
supplies of N because small amounts of luxury consumption occur. As Cerrato 
and Blackmer (1991) observed with the leaf N test, small amounts of luxury 
consumption make it difficult to identify an exact critical concentration when 
data are pooled from many sites. Although this is not a problem when leaf-N 
concentrations are used to help interpret yield responses observed within a 
normal response trial, it becomes a serious problem when trying to identify a 
single critical level that can be used to diagnose N deficiencies in production 
agriculture. 
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DISCUSSION 
Errors in Yield Measurements 
The preceding evaluations of the sensitivity of the SPAD meter have 
tacitly assumed that yields are measured without errors. This assumption 
could be questioned in our study because several reports (Blackmer and White, 
1998; Colvin and Kerkman, 1999) suggest that yield monitors may not be 
reliable when used on areas as small as used in this study. However, analyses 
presented in Table 2 indicate that our ability to detect small yield responses 
was at least as good as normally observed in N response trials. 
Fox et al. (1995) noted yield responses to fertilizer N seldom are 
statistically significant in situations where yield without added N are greater 
than 90% of those with added N. A 10% reduction in yield from maximum 
indicates a reduction of about 1 Mg ha1 at normal yield levels. Blackmer 
(1986) reviewed relevant published studies and found that nitrification 
inhibitors would have to increase yields by 8 to 81% (mean of 22%) before the 
yield responses would have been considered significant. Limitations on ability 
to measure small yield responses, therefore, should be considered a serious 
problem that is not restricted to our study. 
Errors due to Spatial Variability 
Greenwood (1976) pointed out that the basic concept of yield response is 
a source of confusion in studies of N stress on plants because yield responses 
are calculated by subtracting one measured yield from another. A basic 
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problem is the need to assume that measurements are made on plants that are 
identical in all ways except for supplies of N for plant growth. Although it is 
possible to reduce errors caused by the effects of factors other than supplies of 
N, it is not possible to avoid all of these errors. Errors can be caused by subtle 
spatial variation in soil characteristics (texture, compaction, N supplied by soil, 
etc.) that affect supplies of N or the growth of plants as well as by spatial 
variation in plant density or other stresses on plants (weeds, insects, wind 
damage, etc.). 
Although spatial variation among plots represents an obvious source of 
error, variation within plots deserves special attention for several reasons. One 
is that measurements of yields and SPAD readings are not made on exactly the 
same plants. In our study, for example, SPAD readings were made on 30 plants 
per plot whereas yields were approximately measured on 390 plants per plot. 
Although discussions of problems associated with errors of observation are 
severely hindered by lack of standardized terminology (Kempthome, 1986; 
Addiscott and Tuck, 2001; Webster, 2001), it is obvious that there are some 
errors associated with selecting plants when collecting observations within a 
plot. Moreover, any assessment of yield response necessarily includes a 
difference of two such measurement errors. Measurements of yield responses, 
therefore, could include greater errors than measurements of yields for reasons 
that are not related to measurement of yields on the plants selected. 
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Errors due to spatial variability within and among plots may pose a 
special problem when establishing or using relationships between SPAD 
readings and yield responses because the sufficiency of N for plant growth 
often is influenced by yield level. When the supply of N is near optimal, for 
example, plots with slightly higher plant density should be expected to have 
higher yields and lower SPAD readings than plots with lower plant density 
because the high density induces more demand for N (Blackmer and Schepers, 
1994). The natural dependency of N-sufficiency level on yield level may pose 
an unrecognized restriction on ability to measure small deficiencies during the 
growth of com. This dependency tends to confound errors associated with 
actual measurement of yields, errors due to spatial variability within and 
among plots, and errors caused by faulty assumptions relating to the linearity 
of the relationship. 
Extrapolations from Outside the Range of Interest 
It seems almost too obvious to mention that small problems caused by 
non-linear relationships at near-optimal supplies of N can be detected only by 
making observations within this range. However, an evaluation of the ability of 
SPAD meters to detect small deficiencies would be incomplete without 
discussing the magnitude of problem that can be hidden by some commonly 
used methods. 
Figures 12-14 illustrate the relationships we would have observed if we 
had assessed N deficiencies by comparing only the non-fertilized control plants 
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with those receiving the highest rate of N application and expressed yields on 
the controls as percentages of those receiving the highest N rate within test 
area. 
The r2 values for the pooled relationships in Fig. 12, 13, 14 were higher 
than the corresponding relationships shown in Fig. 5,6, and 9, respectively. 
The higher r2 values, however, were obtained by omitting the data that is most 
needed to assess ability to detect small deficiencies. In Figures 12 and 14, the 
positions of the points representing plots receiving the highest N treatments 
(not included in the regression) indicate the problems discussed in this 
dissertation. 
The ability to define the expected relationships between SPAD readings 
and yield responses in the near-optimal range obviously depends on the 
number of observations made within that range. Cerrato and Blackmer (1991) 
used data from several trials that had 10 rates of N to demonstrate limitations 
of leaf N analysis. Although only four rates of N were used in the present 
study, variability in supplies of soil N among the many test areas produced 
effects similar to applying many N rates within an area of uniform soil. This 
approach must be considered valid if it is assumed that SPAD meters can be 
used to diagnose deficiencies in production agriculture. 
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CONCLUSIONS 
Results of this study illustrate that it is important to recognize that 
problems associated with use of SPAD meters to diagnose deficiencies of N in 
production agriculture are much greater than the problems associated with 
use of the meters to help interpret results in a controlled experiment where 
yields are also measured. One component of the problem is that diagnoses in 
production agriculture are predictions based on relationships established in 
previous years under other conditions (i.e. use in production agriculture 
depends upon "calibrations" established in research plots). A second 
component of the problem is that factors other than sufficiency of N have 
greater effects on SPAD readings and yields in fields than in controlled 
experiments. A third component of the problem is that the relationships 
between SPAD meter readings and yield responses may not be linear as 
supplies of N are increased from below optimal rates of fertilization to above 
optimal rates of fertilization. These components interact so to create great 
uncertainty when using relationships observed in response trials to diagnose N 
deficiencies and estimate N fertilizer needs in production agriculture. Although 
this problem does not diminish the value of the test for detecting severe 
deficiencies of N, this problem does limit the value of the test for refining 
estimates of fertilizer needs in production agriculture. 
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Table 1. Experimental location, soil property, and corn growth stage for SPAD measurement at four sites of this study. 
Site-year County Management Soil association Hybrid Stage (date) for SPAD 
July August 
Site 1-1998 Boone No-till Canisteo-Clarion-Nicollet Pioneer 34R06 V11 (July 6) R5 (Aug. 29) 
Site 2-1999 Greene Minimal till Canisteo-Webster-Nicollet Dek595 high oil V10 (July 1) R4 (Aug. 17) 
Site 3-1999 Boone No-till Canisteo-Clarion-Nicollet Pioneer 33A14 R1 (July 23) R2 (Aug. 6) 
Site 4-1999 Greene Minimal till Canisteo-Clarion-Nicollet Wyfels 5529 R1(July 22) R5 (Aug. 20) 
K» v© 
30 
Table 2. Mean yield responses to fertlizer N and significance levels 
at four sites of this study. 
SÏtë Y168-Y0* Y168-Y56 Y168-Y112 
Mg ha"1 
Site 1 5.55 (<0.000V) 2.14 (0.0027) 1.30 (0.0401) 
Site 2 3.71 (0.0084) 1.31 (0.0016) 0.54 (0.1341) 
Site 3 2.37 (<0.0001 ) 0.89 (0.0009) 0.16 (0.1424) 
Site 4 0.42 (<0.0001 ) 0.44 (0.0006) 0.14 (0.0459) 
* Difference of yields obtained at 0 and 168 kg N ha"1 of N rates. 
* Numbers in parenthesis denote significance levels. 
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Fig. 1. Four experimental sites with test areas (red 
trapezoids), soil map units (yellow number-letters) and 
boundary (white polygons) overlaid on corn canopy images 
taken in August 1998-99. 
6: Okoboji 
55: Nicollet 
107: Webster 
138: Clarion 
507: Canisteo 
655: Crippin 
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Fig. 2. Relationships between SPAD readings and corn grain yields observed within numerous test plots 
in each of four different fields where N fertilizer was applied in strips at rates of 0, 56, 112 and 168 kg N 
ha'1. Solid dots indicate values attained at the highest rate of N. 
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168 kg N ha"1. Solid dots indicate values attained at the highest rate of N. 
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REMOTE SENSING TO MONITOR NITROGEN DEFICIENCIES 
IN CORNFIELDS 
A paper prepared for submission to Agronomy Journal 
Jun Zhang, Alfred M. Blackmer, and Jason W. Ellsworth 
ABSTRACT 
Remote sensing of canopy reflectance offers a new way to monitor 
deficiencies of N and estimate fertilizer needs during the growth of com (Zea 
mays L.), but evaluations of this method have been primarily in small-plot 
trials. Studies were conducted to explore the potential of remote sensing and 
yield monitoring to estimate N fertilizer needs in production agriculture. 
Fertilizer N was applied at different rates in strips that crossed several soil map 
units in each of 16 fields. Reflectance of light was measured by digital analysis 
of aerial photographs taken in July and August. Yield and reflectance 
responses were calculated from paired cells (portions of adjacent strips) within 
fields, and cumulative frequency distribution curves for responses were 
generated for each field. Relationships between reflectance response and yield 
response were established by using median values for each field. Observed 
non-linearity in relationships suggests that symptoms of severe deficiencies 
appeared much earlier than symptoms of minor deficiencies. The practical 
value of in-season monitoring of deficiency symptoms seems to be restricted to 
detecting severe deficiencies early enough to apply corrective treatments and 
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gathering information that can be used to fertilize subsequent crops. The 
unique ability of this approach to make many observations for a small cost can 
be used to reduce errors of measurement and make estimates of fertilizer needs 
that can be easily evaluated and improved. 
INTRODUCTION 
Uncertainty in estimates of optimal rates of N fertilization prompts com 
producers to apply more fertilizer than is usually needed by the crop. 
Uncertainty is unavoidable because estimates of optimal rates of N fertilization 
are necessarily based on observed yield responses to fertilizer in the past 
(Macy, 1936; Heady et al., 1955; Leclerg et al., 1962; Waugh et al., 1973; 
Pearce 1983; Nelson et al., 1985; Cerrato and Blackmer, 1990; Colwell, 1994). 
The underlying problem is that conditions prevailing where the fertilizer will be 
applied often differ substantially from prevailing conditions when observations 
were made in the past. 
One possible approach to reducing this uncertainty involves monitoring 
the sufficiency of N during the growth of plants and applying fertilizer only as 
needed by the growing crop. Many reviews discuss how analyses of plant 
tissues can be interpreted for this purpose (Goodall, 1947; Bates et al., 1971; 
Arnon, 1975; Munson and Nelson, 1990; Black, 1992; Mills and Jones, 1996; 
Schroder et al., 2000). A tissue test based on the concentration of N in leaves 
at silking has been widely used to diagnose N deficiencies during the growth of 
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corn (Bennett et al., 1953; Hanway, 1962; Arnon, 1975; Black, 1992). Hand­
held SPAD meters that measure the chlorophyll activity in leaves are now 
widely accepted as a more practical way to diagnose N deficiencies during the 
growth of corn (Yadawa, 1986; Dwyer et al., 1991; Piekielek and Fox, 1992; 
Schepers et al., 1992; Wood et al., 1992; Peterson et al., 1993). This advance in 
technology has stimulated interest in monitoring deficiencies to guide in-
season applications of N (Wood et al., 1992; Blackmer et al., 1995; Raun et al., 
2001; Scarf et al., 2002). 
The value of leaf N analysis and measurements of chlorophyll activity for 
estimating N fertilizer needs is limited by the smallness of deficiency that can 
be detected in production agriculture (Cerrato and Blackmer, 1991; Zhang et 
al., 2002). The limitation occurs because estimates of fertilizer need are derived 
using relationships, or "calibrations", established from observations made 
under other conditions. Unlike situations where in-season diagnoses are 
collected to only aid in interpretation of yield data in response trials, estimates 
of fertilizer need in production agriculture must be made without the luxury of 
knowing the final yields. 
The uncertainty associated with calibrating diagnostic tools becomes 
most apparent when data from different sites are pooled to develop diagnoses 
that are reasonably robust across the range of conditions likely to be 
encountered. Major causes of uncertainty include effects of factors other than 
N sufficiency on yields, spatial variability in important factors within and 
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among plots, changes in form of relationship as supplies of N approach and 
exceed optimal, errors of measurement, and a confounding of these factors 
(Zhang et al., 2002). The uncertainty shows up as inability to precisely define 
the critical value (i.e., the value that distinguishes plants having below-optimal 
supplies of N from those having optimal supplies of N). 
Remote sensing of canopies has been recognized as an effective tool for 
monitoring N deficiencies during the growth of com (Bauer, 1975; Walburg et 
al., 1982; Chappelle et al., 1992; Blackmer et al., 1995; Gitelson et al., 1996; 
Bausch and Duke, 1996; Blackmer et al., 1996a and 1996b; Blackmer and 
White, 1996; Zhang et al., 1999; Shanahan et al., 2001). This method offers 
the opportunity to base diagnoses on observations from an essentially 
unlimited numbers of plants. Blackmer and White (1998) demonstrated that 
this characteristic of remote sensing makes it possible to characterize spatial 
patterns in crop responses to N in fields where various rates of N were applied 
in strips. These strips cross areas of soil assumed to include variability with 
respect to factors influencing supplies of N and other factors affecting yields of 
plants. They also demonstrated that spatial patterns in crop response as 
revealed by remote sensing could be related to spatial patterns in crop yield 
response as measured by combines equipped with GPS receivers and "on-the-
go" yield monitors. 
Studies described in this report explore the potential of using remote 
sensing and yield monitoring in field-scale trials to develop calibration data 
49 
that makes remote sensing a useful tool for diagnosing N deficiencies and 
estimating N fertilizer needs in production agriculture. The study is based on 
the idea that new technologies make it practical to collect unprecedented 
numbers of observations within and among fields by cooperating with 
producers who have yield monitors on their combines. It is reasoned that large 
numbers of observations should make it possible to avoid many of the 
problems encountered in studies where experiments were designed to 
accommodate the practical limitations imposed by the relatively high costs 
associated with making many individual observations at a few locations. 
MATERIALS AND METHODS 
Field experiments were conducted at 16 sites across 7 counties in Iowa 
during 1998-1999. Table 1 lists site number, location and soil association for 
the 16 fields included in this study. The fields were planted to com after 
soybean (Glycine max L.) in late April or early May. Population density varied 
from 65,000 to 79,000 plants ha1. The fields were managed by the producers 
using their normal practice except for N fertilizer treatment. 
The 16 sites were selected to represent a wide range in responses to 
fertilizer N treatment. Sites 1-4, 6, 7, and 12 received 56 kg N ha1 of N 
fertilizer (in the form of urea ammonium nitrate solution, 28-32% N) on the soil 
surface shortly before planting to avoid extreme N deficiencies. Sites 10, 13, 
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and 15 received liquid manure prior to planting at a rate equivalent to 168-190 
kg N ha1. 
When plants were six inches tall, three rates of fertilizer N were injected 
midway between every other row to the 15 cm soil depth. The seven sites 
receiving the pre-planting fertilizer application were applied with 0, 56, or 112 
kg N ha 1 at this stage. All the remaining sites were applied with fertilizer rates 
of 56, 112, or 168 kg N ha1 at this stage. The fertilizer was applied in 6-row (76 
cm spacing) strips going the lengths of the fields. 
Each treatment was replicated 4-10 times in stratified block design. The 
number of blocks was determined by the size and availability of each 
experimental field. It is assumed that responses are correlated within block 
and not correlated between blocks. 
Aerial photographs for each field were taken by Aerial Services, Inc. 
(Cedar Falls, Iowa) using a Jena LMK model 1000 (152mm) Precision Lens 
Aerial Camera System from a height of 1000-1100 m in early July and late 
August. All aerial photographs were taken under similar camera settings 
except for Sites 3, 4 and 12, where digital images were taken using a different 
camera. 
Each photograph was digitized using a Hewlett-Packard ScanJet 6100c 
scanner and geo-referenced using IMAGINE 8.4 software (ERDAS, Inc., Atlanta, 
GA). The photographs were digitized in a scale that gave about 100,000 pixels 
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per hectare. Control points for geo-referencing were 60 by 120 cm plywood 
targets painted white and placed at the corners of each field. 
Grain yields were measured at one-second intervals by using combines 
equipped with an AgLeader Yield Monitor 2000 (AgLeader Technologies, Inc. 
Ames, LA). Positions of yield data were recorded by using a Trimble AgGPS 132 
receiver (Trimble Navigation Ltd, Sunnyvale, CA) mounted on a conventional 
combine. The yield and moisture data were downloaded from a PCMCIA card 
on the yield monitor onto a PC computer for statistical analysis. 
In order to have the same scales for yield monitor data and canopy 
reflectance, each field was divided into 4.5 by 6.1 m cells formed by strips and 
tiers. These tiers were perpendicular to the strips. Each cell contained at least 
two points of yield monitor data and yield responses were treated as repeated 
measurements within strips. 
Relative reflectance was defined as the ratio of reflected radiation in two 
closely paired cells (receiving different fertilizer N rates) within the same block. 
Relative reflectance in the red, green, and blue bands was treated separately. 
Yield response was defined as the difference of yields between the same paired 
cells. 
Extensions of Image Analyst and Spatial Analyst were used with ArcView 
3.2 to analyze grid values and cell means of yield and digitized image data. 
Statistical data analysis was performed using SAS 8.1 System (SAS Institute 
Inc., 1999). SigmaPlot 5.0 (SPSS Inc. 1998) was used to fit nonlinear models 
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and produce graphs. Presentation of data in tables and figures is simplified by 
recognizing that the sites are numbered in order of decreasing yield response to 
the first incremental increase of N. 
RESULTS 
Yield Responses to N 
Cumulative frequency distribution curves for observed yield responses to 
N fertilization for paired-cell comparisons within each of the 16 different fields 
included in this study are shown in Fig. 1. Each curve represents from 219 to 
1,243 observations of yield response. The median yield response, which occurs 
at a cumulative frequency of 0.50, is shown for each curve. The median is all 
that is needed to describe yield response in an area that is assumed to be 
homogenous enough to be managed as a single unit when applying N. 
The curve for yield responses to the first increment of added N (Y 112-Y56) 
usually falls to the right of the curve for the second increment (Yies-Ym) 
because yield responses to N usually show diminishing responses to each 
additional increment of N. For the same reason, distances between lines at 
median yield responses should be expected to decrease as sites become less 
responsive to N. The lines essentially coincide in situations where neither 
increase in rate affected yields. 
The median offers an estimate of the yield response that is not likely to 
be influenced by random errors of measurement or unusual conditions at 
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specific sites within the field. This is important because, as noted in Paper I of 
this dissertation, random errors in estimates of yield response impose serious 
limitations on ability to evaluate tools used to diagnose deficiencies of N during 
the growth of com. In addition to errors that occur when measuring yields, 
variation in estimates of yield responses can be caused by variation among 
plots that are assumed to be similar in all ways except supplies of N for crop 
growth. 
The importance of a given yield response can be assessed by recognizing 
that fertilizers are applied to increase profits for the producer. Most producers, 
for example, would not fertilize if the expected yield response were not enough 
to pay for the fertilization. At common prices for the Com Belt, a yield response 
of 0.25 Mg is about enough to pay for fertilization at a rate of 56 kg N ha1. The 
yield responses were great enough to pay for the first increment of N at 14 of 
the 16 sites and the second increment of N at 8 of the 16 sites. 
Questions relating to the likelihood that an observed yield response 
within a field is more than random error are neither relevant nor important to 
the objectives of this study. Each median yield response for a field is treated 
as a single (unreplicated) observation in analyses that are relevant to the 
objectives of this paper. Whereas estimates of the "statistical significance" of 
yield responses would be influenced by amounts of within-field variability, 
decisions relating to whether or not to apply a given increment would not be 
influenced by this variability. 
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Canopy Reflectance Responses to N 
Color aerial images of four of the fields included in this study are shown 
in Fig. 2. The images were taken in August, so the crop canopy usually 
completely covered the soil. The effects of N treatments, soil properties and 
other factors can be seen as differences in greenness. Differences due to added 
N occur in identifiable strips, so they usually can be distinguished from the 
effects of other factors. Lighter green indicates more reflectance due to less 
chlorophyll activity; darker green indicates greater absorbance of visible light 
by chlorophyll. Visual analysis reveals qualitative agreement between the 
contrasts in color between strips in the images and analyses of yield response 
presented in Fig. 1. 
Cumulative frequency distribution curves for observed relative 
reflectance responses (green band from August photographs) to N fertilization 
in the 14 different fields included in this study are shown in Fig. 3 (August 
images for Sites 1 and 10 are not available). Calculating relative reflectance 
from small paired-cells within areas of relatively uniform soil helps to separate 
the effects of spatial variability in soil characteristics from the effects of added 
N. This technique also minimizes the effects of light intensity or angle, camera 
settings, film type, and how the film is processed and digitized. 
Median reflectance responses tended to decrease with progression from 
the most responsive site (Site 2) to the least responsive site (Site 16). This 
trend supports previous observations that the magnitude of reflectance 
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response tends to be a measure of N deficiency symptoms, with highest 
reflectance indicating the greatest symptoms. 
Relating Yield Response to Reflectance Response 
The relationships between median relative reflectance of the green band 
and median yield responses for the various sites are show in Fig. 4. An obvious 
characteristic of the observed relationship is a curvature that causes slope of 
the relationship to increase as supplies of N approach optimal. The curvature 
was greater when relative reflectance was measured in July rather than in 
August. Curvature was not expected because relationships between yield 
responses and reflectance (Blackmer et al., 1996) or SPAD readings (Wood et 
al., 1992; Piekielek et al., 1995; Scarf et al., 2002) are always assumed to be 
linear. 
Dotted lines in Fig. 4 illustrate the effects of mistaking a curve for a 
linear relationship. This error incorrectly associates a relative reflectance value 
of 1.00 to a positive yield response. Comparisons of Fig. 4a with 4b and Fig. 4c 
with 4d illustrate that the size of the error tends to be larger when sites having 
severe deficiencies are included in the analysis than when they are not 
included. When the severe deficiencies are included, a relative reflectance 
value of 1.00 corresponded to a yield response greater than 0.5 Mg ha1. This 
translates to an error of more than 100 kg N ha1 when estimating fertilizer 
needs. 
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The possibility of curved relationships was not considered when relating 
relative yield responses to relative SPAD readings in paper I of this dissertation. 
It is apparent, however, that non-linear relationships were observed in July. 
Although Scarf and Lory (2002) used a linear relationship to relate relative 
reflectance values to optimal rates of N fertilization, their observations support 
the idea of a curved relationship. Their images were taken at a stage of growth 
that corresponds to our July images, and their data points suggest that relative 
reflectance values were not related to yield response when optimum N rates 
were less than about 100 kg N ha1. 
Relationships between median relative reflectance of the red band and 
median yield responses for the various sites are shown in Fig. 5, relationships 
between median relative reflectance of the blue band and median yield 
responses for the various sites are shown in Fig. 6. Relationships with the red 
and blue bands are somewhat similar to those observed with the green band 
(Fig. 4), but the green band had greater ability to detect small deficiencies of N. 
All bands showed curved relationships. 
57 
DISCUSSION 
Implications of Curved Relationships 
The unexpected findings relating to curvature of the relationships 
between relative reflectance and yield responses is consistent with observations 
indicating that the time of appearance of deficiency symptoms depends 
primarily on how much supplies of N fall below optimal. Unpublished 
observations by this group indicate that the more severe shortages of N tend to 
cause symptoms to appear earlier. Plants growing on soils having near-optimal 
supplies of N often do not show any symptoms of N deficiency until late in the 
growing season. This situation should be expected if supplies of N in the soil 
were depleted during the rapid growth of com. 
Steep slopes at near-optimal supplies of N essentially indicate that 
midseason measurements did not reveal shortages of N that were apparent at 
the end of the season when yields were measured. The relationships became 
more linear as the season progressed because both measurements were made 
closer to the same time. The effects of relatively large deficiencies became 
easier to detect as the season progressed because the effect of the deficiency 
tends to accumulate over time. 
This situation poses an ultimate limitation on the ability of midseason 
diagnoses to assess the need for small in-season applications of N fertilizer. 
The effects of relatively small shortages of N may not be expressed in plants 
until it is too late to correct the problem (Greenwood, 1976). It should be noted 
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that our study explored the ability of remote sensing to detect symptoms that 
could be measured when two different rates of N were applied early in the 
season. Assessments of fertilizer need would normally be based on observed 
responses to N applied after the diagnoses are made. This difference is 
important because there is little reason to believe that fertilizer N applied late 
in the season will have exactly the same effects on plant growth as N applied 
early in the season. 
There seems to be noteworthy value in the ability to diagnose relatively 
large shortages of N by midseason measurements. Recent studies suggest that 
early season losses of N are often larger than generally recognized and that 
these losses can cause deficiencies of N that severely limit yields and profits 
(Balkcom et al., 2002). Analyses presented in Fig. 7a, for example, shows that 
use of 1.02 as a critical relative reflectance value in early July would have 
prevented the most serious economic losses. An assumption behind the 
analyses presented in this figure is that a farmer would apply an additional 50 
kg N ha1 when the expected yield increase was greater than 0.5 Mg ha1. 
Analyses presented in Fig. 7b suggest that data collected later in the 
season could detect smaller shortages of N. Ability to detect small deficiencies 
only late in the season does not pose problems if the in-season observations 
are made primarily to learn how to reduce uncertainty in assessments of 
fertilizer needs for future years. With this use of remote sensing, the unique 
value of remote sensing resides in the ability to characterize spatial and 
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temporal patterns in the occurrence of N deficiency symptoms across many 
fields at relatively little cost. Although yield monitors are needed in studies to 
calibrate remote sensing for this purpose, remote sensing methods that have 
been appropriately calibrated can be used without the yield monitors. 
Unique Value of Remote Sensing 
The ability of remote sensing to make measurements on unprecedented 
numbers of locations within fields offers several important advantages over 
tissue testing or SPAD meters. Some of these advantages occur when remote 
sensing is used with on-the-go yield monitors to establish the relationships 
(i.e., the calibrations) that serve as the basis for making diagnoses in 
production agriculture. One obvious advantage is that measurements can be 
made over areas large enough to measure small differences in yield with a high 
degree of confidence. When focusing on rates very near optimal, whole fields 
can be covered with strips having different N rates and studied at negligible 
costs by cooperating with producers who normally harvest with yield monitors. 
Another advantage of this approach is that taking the median of many 
observations minimizes problems associated with errors of measurement. Such 
errors could be within-plot sampling error associated with making measure­
ments on different plants, random errors associated with measurement of 
yield, or random errors caused by differences between plots due to factors 
other than N availability. Although not done in this study, the approach 
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makes possible to explore the benefits of dividing fields into two or more units 
that are managed differently. 
Calibrations based on observations made at many different sites and 
years provide an objective basis for estimating the reliability of the method for 
diagnosing deficiencies in production agriculture. As noted in paper I of this 
dissertation, there is great need to question the assumption that data from 
controlled small plot experiments can be used to calibrate tools for diagnosing 
deficiencies in production agriculture. It seems likely that the mid-season 
assessments of N deficiencies are not commonly used because producers see 
no evidence that they are reliable. 
Refinements in techniques are almost certain to substantially increase 
the ability of remote sensing to detect relatively small deficiencies of N during 
the growing season. It should be noted, however, that superior methods of 
diagnosing deficiencies can not be identified without using experimental 
methodology that distinguishes the superior from inferior methods. Superior 
methods will not be used in production agriculture unless producers can 
detect the benefits on their fields. 
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CONCLUSIONS 
Remote sensing to assess deficiencies of N during the growth of com 
seems to have unique potential because measurements can be made on a scale 
that enables reliable assessments of performance as the technique is normally 
used in production agriculture. A great strength of this approach is that it 
allows collection of very large numbers of observations at relatively little cost. 
Observations across a large number of fields and years establish robust 
relationships that can be used to estimate fertilizer needs. Remote sensing 
methods that focus on the current sufficiency of N for growth are more likely to 
be successful than methods that focus on measuring yield. 
The greatest limitation on the use of remote sensing for this purpose 
seems to be in the lack of established methodology for doing agronomic studies 
on scales that express the unique advantage of remote sensing. Refinements in 
the methods we used are likely to greatly increase ability to diagnose small 
deficiencies during the growth of com. 
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Table 1. Site number, location and soil association for the 16 fields included in this study. 
Site County Field code Association 
1 Blackhawk Hamer-98 Tama-Muscatine-Garwin 
2 Blackhawk Karkosh-98 KenyonClyde-Floyd 
3 Buchanan Krantz-S-98 Kenyon-Clyde-Floyd 
4 Hamilton Carlson-98 Canisteo-Clarion-Nicollet 
5 Boone Junck-CASE98 Clarion-Webster-Canisteo 
6 Linn Kieper-98 Kenyon-Dinsdale 
7 Boone Junck-98 Canisteo-Clarion-Nicollet 
8 Boone Junck-NS99 Canisteo-Clarion-Nicollet 
9 Greene Fisher-CASE99 Canisteo-Webster-Nicollet 
10 Boone Junck-M99 Canisteo-Clarion-Nicollet 
11 Greene Andrew-99 Clarion-Nicollet-Webster 
12 Buchanan Krantz-N-98 Kenyon-Clyde-Floyd 
13 Kossuth Robbins-M99 Spicer-Fieldon-Coland 
14 Hamilton Stotts-NS99 Canisteo-Clarion-Nicollet 
15 Greene Fisher-M99 Canisteo-Clarion-Nicollet 
16 Hamilton Stotts-CASE99 Brownton-Ottosen-Bode 
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Yield response (Mg ha'1) 
Fig. 1. Cumulative distribution functions for observed com yield responses to fertilizer N for paired-cell 
comparisons within each of the 16 fields. The median yield response is labeled on each curve. 
Ynz-Yse indicates yield response to the first increment of added N (56 to 112 kg N ha'1) and Yl68-
Y112 indicates yield response to the second increment of added N (112 to 168 kg N ha"1). 
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138: Clarion 
507: Canisteo 
Fig. 2. Color aerial images taken in August from four cornfields included in this study. 
Bottom: Topography overlaid with soil map boundaries at Site 9 (elevation is exaggerated 15 times). 
71 
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2nd N increment 
• 
Relative reflectance in green band 
Fig. 3. Cumulative distribution functions for observed relative reflectance (in green band of August 
images) responses to fertilizer N for paired-cell comparisons within each of the 14 different 
fields included in this study. The median relative reflectance is labeled on each curve. 
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Fig. 4. Relationships between median relative reflectance of the green band and median yield responses 
for 14 sites. Observations are marked by site numbers. 
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Fig. 5. Relationships between median relative reflectance of the red band and median yield responses 
for 14 sites. Observations are marked by site numbers. 
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Fig. 6. Relationships between median relative reflectance of the blue band and median yield responses 
for 14 sites. Observations are marked by site numbers. 
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GENERAL CONCLUSION 
Chlorophyll meters and remote sensing of canopy reflectance were used 
to diagnose N deficiencies during the growth of corn. These tools offered a 
unique combination of noteworthy characteristics. They enabled quantitative 
and non-destructive assessments of N deficiencies on growing plants and these 
assessments were made without the costs and delays associated with 
laboratory analyses. Special attention has been given to the problems 
associated with practical use of these tools to assess N deficiencies in 
production agriculture. 
The first study illustrated several critical problems encountered as 
assessments of N deficiencies move from small-plot response trials to fields as 
normally defined by farmers. One problem is that errors in yield 
measurements make yield responses to fertilizer insignificant when studies 
focus on the range of N deficiencies that are of greatest interest for producers. 
A second problem is posed by the spatial variation among and within plots 
when establishing or using relationships between SPAD readings and yield 
responses. A third problem is caused by the assumptions that leaf chlorophyll 
activity is influenced only by N deficiencies and that this activity is not affected 
by N supplies that exceed needs for plant growth. These problems hindered 
efforts to detect small deficiencies of N and created great uncertainty when 
using relationships observed in response trials to refine estimates of in-season 
fertilizer needs. 
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The uncertainty associated with calibrating diagnostic tools becomes 
more apparent when data from different sites are pooled to develop diagnoses 
that are reasonably robust across the range of conditions in production 
agriculture. The superiority of remote sensing of canopy reflectance over SPAD 
meters is illustrated in the second study. This study was conducted to learn if 
aforementioned problems could be solved by using yield monitor data to 
calibrate remote sensing techniques for diagnosing small N deficiencies in field-
scale trials while plants are growing. Relationships between reflectance and 
yield responses were established by using median values for each field. 
Observed non-linearity in the relationships suggests the need for greater 
distinction between the extent to which an N rate falls short of optimal, the 
instantaneous effect of this N shortage, and the cumulative effects of N 
shortages when defining deficiencies. 
The usefulness of any tool for assessing N deficiencies in production 
agriculture depends on the ability to provide information that aids decision­
making by crop producers. Because modern com producers already have 
substantial information concerning optimal rates of N fertilization, the need is 
for tools that can guide relatively small adjustments in N management 
practices currently used. 
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